INTRODUCTION
Recent interruptions in the supply of petroleum products and subsequent price increases have emphasized the need for increases in fuel efficiency for current and future gas turbine engines. Significant increases in fuel efficiency can be achieved by reducing the flow of internal cooling air for turbine blades and vanes in current engines or by increasing turbine gas temperatures in advanced engines in the future. Each of these design approaches requires materials with improved high temperature capability if acceptable levels of component durability are to be maintained. One promising method for increasing the operating temperature range of turbine hot-section materials is to utilize ceramic thermal barrier coatings.
Plasma sprayed ceramic thermal barrier coating systems have been used for over twenty years in Pratt & Whitney Aircraft engines to reduce metal temperatures in combustor components and augmentors. The benefits of these coatings have not been available in the past for turbine blades and vanes, however, because of insufficient coating resistance to spalling in the more stringent environments of these applications.
Thermal barrier coatings are generally comprised of an inner metallic coating layer intended to provide environmental oxidation protection to the component substrate alloy and an outer ceramic or metal/ceramic coating layer with low thermal conductivity intended to provide thermal insulation of the substrate. Calculated turbine airfoil temperature reduction which could be achieved with ceramic thermal barrier coating layers of 0.005-0 O10 in. (0.13-.25mm) thickness range from 100 to 300 d F (38-149°C) depending on local
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heat flux conditions (1). Turbine component temperature benefits of this magnitude can be translated to large improvements in engine efficiency. Consequently, thermal barrier coatings are primary candidates for application in advanced gas turbine engines providing high durability coatings can be developed.
TYPES OF THERMAL BARRIER COATINGS
There are three basic types of turbine-engine thermal barrier coatings either in use or currently under development (Figure 1 ). The underlayer in all systems consists of an oxidation resistant metallic coating such as nickel-chromium, nickel-aluminum, or an MCrAIY-type alloy (where M=nickel, cobalt, and/or iron). The earliest systems were of the 2-layer type with an alumina or zirconia ceramic which was flame or plasma sprayed on top of the metallic coating. Subsequently, mixed metal/ceramic layers were employed in order to better distribute the metal-to-ceramic differential thermal expansion responsible for coating spalling during thermal cycling. One mixed system, the 3-layer type, consists of a metallic underlayer, a layer with a metal and ceramic mixture, and an outer ceramic layer. The other basic mixed system consists of a metallic sublayer and an outer layer continuously graded from all metallic to all ceramic at the outermost surface. In all cases, the more modern thermal barrier coatings employ zirconia as the ceramic because of its relatively high coefficient of thermal expansion and relatively low thermal conductivity.
Graded or mixed metal/ceramic coatings provided greatly improved thermal barrier durability when they were first introduced. However, evolution in turbine engine development has resulted in increasing metal temperatures in combustors, turbine-section components, and augmentors. As a consequence, the isolated metallic particles (including highly oxidation-resistant MCrAIYs) in graded or mixed metal/ceramic coatings have become increasingly susceptible to rapid oxidation because of their high surface-to-volume ratio's and the rapid oxygen transport through zirconia. Figure 2 dramatically illustrates the effect of particulate metal oxidation in graded or mixed metal/ceramic systems. Hastelloy X panels (0.045 in. or 1.1 mm thick) were plasma sprayed on one side with nominally 0.015 in. (0.38mm) of 2-layer (NiCoCrAIY plus zirconia), Slayer (Ni-Al plus mixed Ni-Al/zirconia plus zirconia), or graded (CoCrAIY plus CoCrAIY graded to 100% zirconia) thermal barrier coatings. After 20 hours of isothermal exposure at 2000°F (1093°C) in air, the gradedcoated panels had curled nearly into cylinders, and the 3-layer coated panels were substantially deformed (Figure 2 ). The various 2-layer coated systems exhibited little or no distortion. Metallurgical analysis revealed that the oxidation-resistant metallic particles in the 3-layer and graded coatings were severely oxidized, and that this oxidation caused volume changes and "swelling within the zirconia and resultant deformatign-inducing stresses. Additional exposure at 2000 F (1093°C) resulted in ceramic spalling while the 2-layer systems were little-effected out to test termination at 480 hours.
Experimental engine tests of JT9D annular combustors under severe, accelerated conditions confirmed the benefits of the 2-layer coatings compared to graded thermal barriers. After 3800 engine cycles, the louvers with graded coatings had extensive ceramic spalling and louver distortion, while louvers with 2-layer NiCoCrAIY plus zirconia thermal barriers exhibited little distress (Figure 3 ). Louvers coated only with NiCoCrAIY were extensively cracked--a finding that demonstrated the benefit of thermal barriers in reducing thermal fatigue distress. Based on these tests, Pratt & Whitney Aircraft has adopted the 2-layer type of thermal barrier coating as its future sheet-metal coating system and is concentrating on this generic system for application to high pressure turbine airfoils.
DEVELOPMENT OF SPALL-RESISTANT TWO-LAYER THERMAL BARRIERS
Pratt & Whitney Aircraft is currently conducting a series of programs to develop ceramic thermal barrier coatingsfor use on turbine components in advanced commercial engines. A portion of this effort is a NASA funded program to demonstrate the use of thermal barrier coatings on the first stage turbine vane platforms in the JT9D-70/59/70 (2).
This program involves an iterative overall approach to:
(1), refine the application and other process parameters of plasma sprayed ceramic coatings; (2), determine the durability of the coatings through burner rig testing under controlled laboratory test conditions; and, (3), determine coating durability under actual JT9D engine operating conditions.
The durability limitations of plasma sprayed ceramic coatings applied to metallic engine components are due, in part, to the wide differences in the coefficient of thermal expansion of the metallic and ceramic materials. This results in significant strain mismatches between the metallic substrate and the ceramic coating that may cause the coating to spall. Figure 4 shows the ranges of strain mismatch that would be expected after coating at room temperature and during subsequent thermal exposure to 1850° (1010°C) as a function of the substrate temperature achieved when the ceramic coat ing was applied. For the nominal plasma spray parameters and the burner rig bars used in this investigation, for example, the substrate temperature would approach approximately 800°F (425°C) during the application of the coating. Therefore, a compressive strain in the plane of the coating would be imposed on the ceramic when the test specimen was cooled to room temperature (Figure 4) . Similarly, a somewhat larger tensile strain would be imposed on the ceramic when the coated specimen was subsequently heated to a temperature of 1850°F (1010 C) during cyclic burner rig testing.
The objective of this investigation was the development of a series of advanced plasma sprayed ceramic coatings based on the concept of improved strain tolerance. The approach for improving strain tolerance was to control the coating structure by: (1) reducing the occurrence of damaging flaws; and, (2), providing desired discontinuities within the coating. Damaging flaws in the plane of the coating can result from the layer-like buildup during plasma spraying and can lead to the propagation of in-plane coating cracks and eventual spallation. Crack-diverting discontinuities within the coating can be provided in the form of: 1) increased porosity; 2) random internal microcracking; and, 3), segmentation (through thickness ceramic cracking). These discontinuities also tend to reduce the modulus of elasticity of the coating structure thereby reducing the local stresses. One additional concept for improving coating durability is through control of the substrate temperature during the application of the coating. This provides a better balance between compressive and tensile strains imposed on the ceramic at both low and high temperatures during subsequent thermal exposure.
COATING DEPOSITION AND TEST METHODS
Several plasma sprayed coating parameters were varied to develop an optimum set of process conditions to reduce the occurrence of damaging flaws, and also to provide the desired porosity, microcracking or segmentation of the coating. The parameters varied included the coating chemistry, gun-to-specimen distance, powder particle size, and powder feed rate. Of these parameters the variation in powder feed rate did not result in any apparent differences in coating microstructure, and a feed rate of 1.2 oz/min (35 gm/min) was selected for all coating systems. Initially, the temperature of the substrate was not controlled during the coating process. Later in the investigation, control of the substrate temperature was used to determine the effect of this parameter on coating durability. For this investigation, the baseline ceramic coating was a 20 percent by weight (w/o) yttria-stabilized zirconia.
The powders used for each coating were consistent throughout this investigation. In general, composite powders having spherical particles were used for the coarse 20 w/o yttria-stabilized zirconia coating while partially fused/sintered and crushed powders were used for the other coatings. The primary difference between the course and fine powders was the increased percentage of particles in the -120 to +230 mesh range for the coarse powder.
The ceramic coatings tested in the burner rig were applied to 0.50 in. (1.27 cm) diameter bars approximately 4 in. (10 cm) long cast of the Mar-M 509 cobalt base alloy. All burner rig bars were solid with the exception of those used for the controlled-substrate-temperature specimens which were hollow to allow cooling of the bar during application of the coating. All of the coatings tested were two-layer systems consisting of a Ni-22Co-l8Cr-l3Al-0.7Y metallic coating 3 to 5 mils (0.08 to 0.13 mm) thick and a ceramic coating 10 mils (0.25 mm) thick. The bars were grit blasted to roughen the surface and then coated using automated plasma spray equipment. The bars were rotated at 600 rpm while the Plasmadyne 50100 plasma torch was traversed along the bar at a speed of 36 in/min (91 cm/min). The spray parameters used were: power input of 800 amps and 50 volts; 85% argon/15% helium arc gas mixture; powder feed rate of 1.2 oz/min (35 gm/min); and 3 in. (7.6 cm) gun-to-specimen distance, except as noted Coated specimens were exposed to a 1975 0 F (1080 C)heat treatment in a hydrogen atmosphere for 4 hours with the exception of the magnesia-stabilized zirconia specimens which were tested without any heat treatment.
Burner rig tests were performed to determine the relative durability of the various thermal barrier systems in a cyclic thermal environment. Two series of burner rig tests were performed. For the initial tests, the thermal cycle consisted of a 4 minute period oS heating to a maximum test temperature of 1850°F (1010 C) followed by a 2 minute period of forced-air cooling to approximately 500^F (260°C) or less. The test fixture was rotated at 1725 rpm in the exhaust gas stream of a 1-atmosphere Jet A fueled burner to provide a relatively uniform hot temperature environment for all test specimens. The gas velocity at the specimen locations was Mach 0.3. The specimen temperature was monitored and controlled using an optical pyrometer and an automatic feedback controller to vary the fuel flow to the burner. The emittance of the test specimens was measured periodically, and corrections were applied to maintain accurate test temperatures. During the cooling period of the cycle, the burner was automatically moved away from the test fixture and forced air cooling was directed at the test specimens.
Testing was discontinued after periods of approximately 20 hours (200 cycles) to allow for visual examination of the specimens with a low power (X10) microscope. Specimen failure was considered to have occurred when the coating had spalled from 50 percent or more of the "test" zone of the burner rig bar. Such a failure typically occurred as a massive spall noted during a single inspection ( Figure 5 ). The "test" zone was an area approximately 1 in. (2.5 cm) in length at the center of the exposed portion of the bar which experienced the maximum temperature level during the thermal cycle.
LABORATORY TEST RESULTS

Baseline Thermal Barrier Coatings
Th e baseline 20 w/o yttria-stabilized zirconia coating applied using the -325 mesh fine powder was a relatively dense coating having a porosity of approximately 10 percent (Figure 6 ). The coating had a fully stabilized cubic structure with only a very small amount of the monoclinic phase as determined by X-ray diffraction analyses. This was typical of all of the 20 w/o yttria-stabilized zirconia systems. This type of coating exhibited an average life to spalling of 200 cycles during burner rig tests. The very dense structure of the ceramic coating resulted in relatively high stresses within the coating. It was observed that these coatings normally failed by buckling of the ceramic during the cooling portion of the thermal cycle. This appeared to be caused by compressive stresses in the plane of the coating and the resultant tensile stress normal to the plane of the coating.
Increased Porosity Thermal Barrier Coatin g Th is 20 w/o yttria-stabilized zirconia coating was applied using a coarser -120 mesh powder. The resulting coating was less dense than the baseline, having a porosity of approximately 15-20 percent. The microstructure of this coating is shown in Figure 7 . The average durability of this coating (6000 cycles) was increased due to the strain tolerance provided by the porous microstructure which effectively reduced the modulus of elasticity from that of a more dense structure. Some limited microcracking of the ceramic microstructure can also be seen, both before and after testing. The microcracks lying in the plane of the coating (parallel to the ceramic/bond coat interface) might be expected to propagate and eventually lead to spallation of the coating. In a typical burner rig bar coating failure, the ceramic coating spalled adjacent to the ceramic/bond coating interface leaving a thin irregular layer of ceramic still attached to the bond coating. This failure is consistent with the location of the major cracks seen in the post-test coating microstructures.
Microcracked Thermal Barrier Coatings
An increased evel of microcracking in the ceramic structure was obtained by varying the baseline chemistry from 20 w/o yttria-stabilized zirconia to 21 w/o magnesia-stabilized zirconia. All other plasma spray parameters remained the same. The microstructure for this coating is shown in Figure 8 . This coating has a partially stabilized cubic structure which undergoes a phase transformation to a tetragonal structure plus formation of a considerable fraction of the monoclinic phase. Some free magnesium oxide particles were also found. Both the monoclinic zirconia and the free magnesium-oxide contribute to the extensive microcracking in the coating during deposition and subsequent thermal exposure. The microcracking is essentially discontinuous and random in direction. These microcracks, in general, do not tend to propagate. For this coating system, the microcracking acted as an effective strain relief mechanism as evidenced by the average coating life of 5230 cycles in burner rig testing.
Segmented Thermal Barrier Coatings
Segmentation of a ceramic coating can be defined as a network of cracks normal to the coating/substrate interface that extend through the coating to the metallic layer. A segmented ceramic coating therefore exhibits a columnar structure. The presence of these fine segmentation cracks provides a mechanism for accommodating mismatch strains created by the different rates of expansion between the metallic substrate and the ceramic coating.
One technique for creating a segmented ceramic is to reduce the baseline gun-to-specimen distance. The microstructure of the 20 w/o yttria-stabilized zirconia coating using the reduced gun distance is shown in Figure 9 .
In this case, the coating exhibited increased density as a result of the high coating energy input. Upon cooling, segmentation cracks were created normal to the plane of the coating. Some cracking also occurred parallel to the plane of the coating which has an adverse effect on coating durability. These cracks tended to propagate into larger cracks during burner rig testing. The average durability of this coating (5490 cycles) indicated that the segmented structure substantially relieved the strain mismatches. However, additional investigation and careful control of the plasma spray application parameters are required to optimize this system by eliminating the flaws in the plane of the coating while still maintaining the desired segmentation characteristics.
Temperature-Controlled-Substrate Coatings
For all of the ceramic coatings described up to this point, the temperature of the substrate was not controlled during application of the coatings. For the baseline gun-to-specimen distance of 3 in. (7.6cm) the temperature of the burner rig bars was estimated q to approach approximately 800°F (425°C) during coating application. A relatively high compressive stress would then be imposed on the coating parallel to the interface while a tensile stress normal to the interface would be created as the bar cooled to room temperature (Figure 4 ). These stresses tend to form cracks parallel to the plane of the coating causing spallation. A reduction of the compressive strain in the plane of the coating, and therefore increased spalling resistance, would be expected to result from a decrease in the substrate temperature (and attendant ceramic compressive stresses) during the coating application.
To determine whether changes in residual stress would significantly affect coating durability, a number of hollow burner rig bars were coated with the porous 20 w/o yttria-stabilized zirconia coating system while maintaining various controlled substrate temperatures. Temperatures 8f -35, (room temperature) and 600°F (-35 , 20 and 315C) were maintained by controlling a flow of liquid nitrogen or room temperature Sir thrgugh the hollow bars. A temperature of 1200 F (650 C) was maintained by using a natural gas burner to heat the bars . Temperatures of the bars were monitored with thermocouples embedded in the substrate walls.
The most durable coatings obtained in this particular program were those apglied wish the substrate temperature controlled at 70 or 600 F (20° or 315°C). These coatings survived approximately 9300 to 9400 cycles before failing. A summary of the improvements in cyclic spall resistance achieved by ceramic microstructure and stress-state control is illustrated in Figure 10 .
ENGINE TEST RESULTS
Under the aforementioned NASA-sponsored program (2), three ceramic coatings were selected for testing in an experimental JT9D-70 engine:
(1) the porous 20 w/o yttria-stabilized zirconia coating, (2) microcracked 21 w/o magnesia-stabilized zirconia coating, and, (3) the segmented 6 w/o yttria-stabilized zirconia coating. The controlled substrate temperature coating process was not chosen because the equipment required to control the vane platform temperature during coating was not then available.
The platforms on a total of 18 experimental Mar-M 509 first stage turbine vanes were plasma sprayed with coatings as follows: 6 vanes -20 w/o yttria-stabilized zirconia; 7 vanes -21 w/o magnesia-stabilized zirconia; and 5 vanes -6 w/o yttria-stabilized zirconia. The target coating thickness was 15 mils (0.38 mm).
The cooling scheme for the vane platforms was redesigned to take advantage of the insulating effect of the ceramic coating. The normal film cooling holes were replaced by an impingement cooling system installed on the back side of the vane platforms. The cooling air flow for this engine test was reduced approximately 50 percent from that used for the film cooling concept. The spent cooling air was exhausted through the vane platform trailing edge. The design criterion for the cooling system was that the average metal temperature of the coated vane platforms should be equivalent to the unaltered bill-of-material vane platforms
The test vanes were instrumented with a number of thermocouples to measure cooling air and platform metal temperatures. Pressure sensors were also used to measure the pressure drop across the impingement plates.
The engine test consisted of 1000 endurance cycles.
The basic test cycle consisted of operation at flight idle, simulated full reverse, ground idle, and takeoff power levels. A series of intermediate power levels were also run every 100 cycles. The total time at takeoff and simulated full reverse power levels was more than 80 hours. Data obtained during the engine test at the takeoff power level indicated that the vane platform metal temperatures were more uniform (i.e., less severe thermal gradients along the platform) for the thermal barrier coated vanes than for the bill-of-material vanes. Also, the average metal temperatures of the coated platforms were found to be significantly less than that for the bill-of-material vane platforms.
Inspection of the test vanes after removal from the engine indicated that they had been subjected to a severe 1000 cycle endurance test in terms of gas stream temperature. Of the 36 platforms coated with ceramic, nine platforms exhibited some slight to moderate spallation of the coating. However, most of these vanes had been clustered together in a very hot region of the circumferential temperature profile of the combustor. The remaining 27 platform coatings survived the engine test with no apparent damage. All the platforms which were coated with the 6 w/o yttriastabilized zirconia segmented ceramic were in excellent condition after engine testing.
Several additional experimental engine tests have been conducted on thermal barrier coated first-stage turbine vane platforms. The most promising coating systems have been exposed for up to 600 accelerated endurance cycles without spalling or other distress. Evaluation of the vane platforms exposed in these tests repeatedly showed that the ceramic thermal barrier coating greatly increased platform durability. Figure  11 compares the distress (thermal fatigue cracking and oxidation) exhibited on experimental turbine vane platforms with and without a thermal barrier coating following 1000 cycles of severe high temperature exposure in a test JT9D-7F engine. Of the thirty vanes with thermal barrier coatings in this test, 97% were free of cracks or distress on the inner diameter platforms while 84% had no distress on the outer diameter platforms. The thirty-six companion vanes with aluminide coatings were much more severely distressed: only 39% were free of inner diameter platform cracks and 31% showed no outer diameter platform cracking. The complete analysis of platform cracking in this test is presented in Table I .
CONCLUSIONS
Ceramic thermal barrier coatings have been successfully utilized for approximately 20 years to protect combustor and augmentor components in gas turbine engines. However, these coatings were never sufficiently spall resistant to be used on high pressure turbine airfoils. Recent development programs have shown that it is possible to substantially increase ceramic coating resistance to thermal cyclic induced spalling. Initially, ceramic layer strain tolerance was improved by plasma spray process techniques which created ceramic microstructures resistant to spalling crack propagation. Examples include controlled porosity structures which reduce the effective ceramic modulus, and microcracked and segmented (through-coating-thickness cracked) structures which retard spalling crack propagation. Additional improvements were achieved by controlling the bulk temperature of the part being coated during ceramic spraying in order to create a residual tensile (rather than compressive) stress state in the deposited thermal barrier coating.
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LO.0 O4in. =_i Fig. 8 Microstructure of the microcrack "toughened" 21 w/o magnesia-stabilized zirconia coating. Fig. 9 Microstructure of the segmented 20 w/o yttriastabilized zirconia coating. One of the through thickness cracks can be seen which divide the coating into adherent segments.
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